In this review, antimicrobials from a range of plant, animal, and microbial sources are reviewed 10 along with their potential applications in food systems. Chemical and biochemical antimicrobial 11 compounds derived from these natural sources and their activity against a range of pathogenic and 12 spoilage microorganisms pertinent to food, together with their effects on food organoleptic proper-13 ties, are outlined. Factors influencing the antimicrobial activity of such agents are discussed 14 including extraction methods, molecular weight, and agent origin. These issues are considered in 15 conjunction with the latest developments in the quantification of the minimum inhibitory (and 16 noninhibitory) concentration of antimicrobials and/or their components. Natural antimicrobials can 17 be used alone or in combination with other novel preservation technologies to facilitate the 18 replacement of traditional approaches. Research priorities and future trends focusing on the impact 19 of product formulation, intrinsic product parameters, and extrinsic storage parameters on the design 20 of efficient food preservation systems are also presented. 21 22 KEYWORDS: Antimicrobial activity; chemical compounds; plant/animal/microbial antimicrobials 23 mechanism; minimum inhibitory concentration 24 42 and/or safety of food products is enhanced by using natural or 43 controlled microflora, mainly lactic acid bacteria (LAB) and/or 44 their antibacterial products such as lactic acid, bacteriocins, and 45 others (2). Typical examples of investigated compounds are 46 lactoperoxidase (milk), lysozyme (egg white, figs), saponins and 47 flavonoids (herbs and spices), bacteriocins (LAB), and chitosan 48 (shrimp shells) (3). Antimicrobial compounds present in foods can 49 extend the shelf life of unprocessed or processed foods by reducing 50 the microbial growth rate or viability (4). Originally, spices and 51 herbs were added to change or to improve taste. Some of these 52 substances are also known to contribute to the self-defense of 53 plants against infectious organisms (5, 6). 54 Extensive research has investigated the potential application of 55 natural antimicrobial agents in food preservation. In this review, 56 antimicrobials and their chemical and biochemical components 57 from a range of natural sources and their applications in food 58 systems are reviewed. Natural antimicrobials in food preservation 59 can be used alone or in combination with other nonthermal 60 technologies. Naturally derived antimicrobial systems from 61 plant, animal, and microbial origin are detailed, and the latest 62 developments in the quantification of the minimum (and non-63 inhibitory) concentration of antimicrobials and/or their compo-64 nents are presented. 65 PLANT ORIGIN ANTIMICROBIAL AGENTS 66 Edible, medicinal, and herbal plants and their derived essential 67 oils (EO) (and their hydrosols, i.e., byproducts of an essential oil 68 purification procedure) and isolated compounds contain a large 69 number of secondary metabolites that are known to retard or 70 inhibit the growth of bacteria, yeast, and molds (7, 8). Many of 71 these compounds are under investigation and are not yet 72 exploited commercially. The antimicrobial compounds in plant 73 materials are commonly found in the essential oil fraction of 74 leaves (rosemary, sage, basil, oregano, thyme, and marjoram), 75 flowers or buds (clove), bulbs (garlic and onion), seeds (caraway,
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developed to satisfy consumer demand with regard to nutritional 27 and sensory aspects of foods. Generally, foods are thermally 28 processed by subjecting them to temperatures varying from 60 to 29 100°C for the duration of a few seconds to a minute in order to 30 destroy vegetative microorganisms. During this period of treat-31 ment, a large amount of energy is transferred to the food. 32 However, this energy can trigger unwanted reactions, leading to 33 undesirable organoleptic and nutritional effects (1). Ensuring 34 food safety and at the same time meeting such demands for 35 retention of nutrition and quality attributes has resulted in 36 increased interest in alternative preservation techniques for 37 inactivating microorganisms and enzymes in foods. Quality 38 attributes of importance include flavor, odor, color, texture, and 39 nutritional value. This increasing demand has opened new dimen-40 sions for the use of natural preservatives derived from plants, 41 animals, or microflora. In biopreservation, storage life is extended, H7 in a liquid system (i.e., brain heart infusion (BHI)). 159 Mechanisms of Antimicrobial Action. The possible modes of 160 action for phenolic compounds (EO fractions) as antimicrobial 161 agents have been previously reviewed (16, 24, 27, 36, (51) (52) (53) . 162 However, the exact mechanism of action is not clear. The effect of 163 phenolic compounds can be concentration dependent (54) . At low 164 concentration, phenols affect enzyme activity, particularly those 165 associated with energy production, while at high concentrations, 166 they cause protein denaturation. The antimicrobial effect of 167 phenolic compounds may be due to their ability to alter microbial 168 cell permeability, thereby permitting the loss of macromolecules 169 from the interior (for example ribose and Na glutamate) (55). They 170 could also interfere with membrane function (electron transport, 171 nutrient uptake, protein, nuclein acid synthesis, and enzyme 172 activity) (55) and interact with membrane proteins, causing defor-173 mation in structure and functionality (56-58). The high antibac- 174 terial activity of phenolic components can be further explained in 175 terms of alkyl substitution into the phenol nucleus (25). The 176 formation of phenoxyl radicals that interact with alkyl substituents 177 does not occur with more stable molecules such as the ethers 178 myristicin or anethole, which was related to the relative lack of 179 antimicrobial activity of fennel, nutmeg, or parsley EOs (10). include targeting the microorganism of concern, the intelligent 208 use of combinations to provide a synergy of activity, matching the 209 activity of the compounds to the composition, and processing and 210 storage conditions of the food (9, 72). 211 Plant EOs of thyme, clove, and pimento were tested against 212 Listeria monocytogenes and were found to be highly effective in 213 peptone water. However, when the EOs were applied in a food 214 system reported at levels well below the legal limit for nisin (10,000 IU/g) 287 without significant effect on human red blood cells (97), thereby 288 indicating its potential as a food preservative and a natural 289 alternative to conventional chemicals. However, pleurocidin 290 was inhibited by magnesium and calcium (96), which may limit 291 the use of this AMP in environments rich in these cations. Table 1) . Streptomyces natalensis that is effective against nearly all molds 440 and yeasts but has little or no effect on bacteria. 441 Nisin. Nisin is the most widely used bacteriocin. Therefore, the range of fa will be between 0 and 1 (Figure 1) . The 558 routine, trapz, provided by Matlab is an example of a software 559 package that can be used for performing a trapezoidal numerical 560 integration. 561 The MIC (eq 2) and the NIC (eq 3) can then be calculated as the 562 intercept of the concentration axis to the tangent at the maximum 563 gradient of the fa/log concentration curve and the intercept of the 564 tangent at the maximum gradient of the fa/log concentration 565 curve to the fa=1 contour. ffiffiffiffiffiffiffiffiffi
572 f(c) can be described either as eq 5, i.e., the SR μ model, or as eq 6, 573 i.e., the LP μ model. activity could be attributed to two components acting indepen-583 dently. Therefore, they also suggested another expression for a 584 mixture of two inhibitors that could be extended in case there are 585 more inhibitors as presented in eq 7:
where parameters C i,1 are the concentrations of the x i inhibitors at 587 the maximum slope. The main difference is that the current 588 expression takes into account interactions between the antimi-589 crobials, which means that it could be considered for any additive, 590 antagonistic, and synergistic activity between the studied inhibi-591 tors. For an example in which a mixture of two antimicrobials is 592 studied reference is made to Lambert and Lambert (187). In that 593 case, the MIC of any of the x i antimicrobials is then given by eq 8. et al. (198) found that EOs of oregano and nutmeg were effective 649 against E. coli O157:H7 in a broth system but had no effect in 
